Bacteria produce a variety of surface-exposed polysaccharides important for cell integrity, 33 biofilm formation, and evasion of the host immune response. Synthesis of these polymers 34 often involves the assembly of monomer oligosaccharide units on the lipid carrier 35 undecaprenyl-phosphate at the inner face of the cytoplasmic membrane. For many polymers, 36 including cell wall peptidoglycan, the lipid-linked precursors must be transported across the 37 membrane by flippases to facilitate polymerization at the membrane surface. 
Identification of WzxC variants that can substitute for MurJ 136
WzxC is a MOP-family transporter in E. coli required for the synthesis of the colanic acid 137 capsule (17), the production of which is induced by activation of the Rcs envelope stress 138 response (18). The colanic acid precursor is a hexasaccharide [L-fucose-(pyruyl-D-galactose-139
WzxC has been implicated in the transport (flipping) of this lipid-linked intermediate (17) . 141
Although WzxC is the closest relative of MurJ in E. coli (≈12% sequence identity), its substrate 142 structure differs greatly from the lipid II PG precursor that MurJ has been implicated in flipping. 143
It is therefore not surprising that WzxC fails to substitute for MurJ and promote growth when 144
MurJ is depleted (Fig. 1, row 1) . However, we thought it might be possible to identify altered 145
WzxC proteins that gain the ability to flip the PG precursor and rescue a MurJ defect. We 146 reasoned that the isolation and characterization of such variants would provide useful 147 information about what determines substrate specificity in MOP-family flippases and potentially 148 reveal new insights into the transport mechanism. 149
150
To select for altered substrate specificity variants of WzxC, the wzxC gene was mutagenized 151 using error-prone PCR and cloned into a medium copy vector under control of the lactose 152 promoter (P lac ). The resulting plasmid library was transformed into a MurJ-depletion strain 153 where native murJ was engineered to be under control of the arabinose promoter (P ara ). This 154 promoter replacement renders the strain dependent on the presence of arabinose in the 155 medium for growth. When the depletion strain harboring the wzxC plasmid library was plated 156 on LB medium lacking arabinose but supplemented with isopropyl-β-D-thiogalactopyranoside 157 (IPTG) to induce wzxC, surviving colonies arose at a low frequency (10 -4 ). To distinguish 158 desired wzxC mutants capable of substituting for murJ, plasmids were purified from the 160 isolates and transformed back into the parental MurJ-depletion strain. The resulting 161 transformants were then tested for growth on IPTG-containing medium with or without 162 arabinose supplementation. Plasmids conferring arabinose-independent growth were then 163 isolated and their wzxC insert was sequenced. Many of the primary isolates harbored wzxC 164 clones with multiple mutations (SI Appendix, Table S1 ). To identify the functionally relevant 165 substitutions, we used site-directed mutagenesis to construct plasmids encoding C-terminal 166 FLAG-tagged WzxC variants (WzxC-FLAG) with single amino acid changes corresponding to 167 those identified in the original mutant isolates. The FLAG-tag did not appear to interfere with 168
WzxC activity as the fusion was capable of supporting capsule production in a ΔwzxC strain 169 Fig. S1 ). Importantly, wild-type WzxC-FLAG also failed to promote growth upon 170
MurJ depletion (Fig. 1, row 1) . In total, eleven single amino acid substitutions in WzxC-FLAG 171 representing changes throughout the length of the 492 amino acid protein were found to be 172 sufficient for suppression of MurJ depletion (Fig. 1, rows 2-11) . The wzxC alleles varied in the 173 strength of the observed suppression phenotype, with most being able to promote growth of 174 the MurJ depletion strain upon induction with 25 µM IPTG, but two requiring 75-100 µM IPTG 175 to achieve full suppression (Fig. 1, rows 2-11, SI Appendix, Fig. S2 ). Immunoblot analysis 176 using anti-FLAG antibodies indicated that all of the WzxC-FLAG variants were produced at 177 levels comparable to, or slightly lower than, the wild-type protein (SI Appendix, is protected from ColM cleavage and the soluble ColM product is not observed (12) (Fig. 2) , 204 indicating that flipping is blocked. A plasmid producing WzxC(WT) did not alleviate this block 205 (Fig. 2) . However, production of WzxC(V252M) restored lipid II cleavage by ColM in MurJ-206 inactivated cells and promoted the accumulation of the soluble ColM product (Fig. 2) Fig. S1 ). This growth defect was observed for mutants blocked at the first step in 216 the pathway (ΔwcaJ) or at the WzxC step. Thus, the phenotype does not require the build up 217 of lipid-linked colanic acid precursors that would likely reduce the pool of lipid carrier available 218 to other pathways like PG synthesis (21). Production of wild-type WzxC-FLAG as well as most 219 of the MJ WzxC-FLAG derivatives restored the growth of ΔwzxC cells on LB with 1.0M NaCl 220 (Fig. 3A, rows 2-13 In order to better understand the molecular basis for the effects of the MJ WzxC mutations, we 247 constructed a homology model of WzxC using the crystal structure of E. coli MurJ (10) as a 248 template (Fig. 4, SI Appendix, Fig. S5 ). We expected that most of the specificity altering 249 changes in WzxC would occur in the aqueous cavity of the transporter where substrate is 250 predicted to bind. However, when mapped onto the model WzxC structure, the majority of 251 residues altered in the MJ WzxC variants clustered at or near the periplasmic face of the protein. (Fig. 5) . 289
290
We propose that for wild-type WzxC, a specific interaction between the native substrate and 291 the hydrophillic core of the transporter is needed to break contacts at the periplasmic face of WT and Mut denote WzxC(WT) and WzxC(V252M), respectively. The means and the standard error of means (SEMs) from three experiments are shown. P-values were calculated with two-tailed unpaired Student's t-test. *, p < 0.05; **, p < 0.01; n.s., not significant. cpm = counts per minute. [∆wzxB/Para::wbbL] harboring the same WzxC-encoding plasmids were grown and diluted as descried in Figure 1 followed by plating on LB medium with 100 µM IPTG (to induce WzxC production) plus either glucose or arabinose (to repress or induce Oantigen production, respectively) as indicated. 
